Abstract-A tapped fiber-optics matched delay filter for an RF angle of arrival determination has been constructed and analyzed. The anglefinding characteristics of this four-laser eight-fiber delay line system have been experimentally and theoretically investigated in the 250-750 MHz range. The filter performance was limited by fiber delay time inaccuracies and the unequal frequency responses of the individual laser diodes.
can be implemented.
One present technique for passive RF direction finding is based on the interferometric detection of RF phase delays using an antenna array, and is highly frequency dependent. This problem can be overcome using the tapped fiber-optics matched delay filter, which operates in the time-delay mode rather than the phase-delay mode, yielding RF arrival directions which are independent of frequency. This paper analyzes the fiber-optics matched delay filter and presents experimental results for a filter consisting of two sets of four fiber-optic delay lines.
ANALYSIS
A schematic diagram of the fiber-optics matched delay filter is shown in Fig. 1 . An RF plane wave is incident on a linear antenna array at an angle 8 measured from the normal to the array. The electrical signal from each omnidirectional antenna modulates the optical-power outputs of the individual light sources, which are coupled to fiberoptic delay lines. The fibers are cut to specific lengths to produce the required delays to compensate for the time of arrival differences of the incoming RF signal at the antennas. The optical power from the fiber-optic delay lines is summed on a single photodetector. By analyzing the an- given by
The electrical power from the photodetector is proportional to the square of the modulating term in (2) given by
(4)
This function has a maximum value of N2 at 7 = 0 independent of the frequency f. For given values of d and 8, (4) can be maximized by choosing L = ( d sin 0)/ ng (see (3)). By utilizing several fiber delay lines for each laser, many matched delay filters with different L can be constructed. Each filter will produce a maximum detector response for an incident angle which satisfies (3) with T = 0.
EXPERIMENT
To establish the principle of using a tapped fiber-optics matched delay filter for RF direction finding, the experimental arrangement of Fig. 2 was assembled. Two filters were constructed containing four fiber-optic delay lines each, with approximate length differences of 0 and 0.4 m, which for 8 = 0 corresponds to T = 0 and 7 = 2 ns. The fiber used in the matched delay filter was a graded-index multimode fiber with a core diameter of 48 pm, a group index of 1.46, and a numerical aperture of 0.2. Four GaAlAs laser diodes emitting around 0.84 pm were used as the light sources. These lasers were driven by an RF oscillator capable of either single frequency operation or sweeping from 250 to 750 MHz, which simulates the electrical signals from the antennas. The electrical path lengths from the RF source to the four laser diodes were varied to simulate different incident angles. Each laser was dc biased above its lasing threshold to ensure that the sinusoidal modulation remained on the linear portion of the laser power versus current curve.
The optical coupling from the four laser diodes to the eight fiber-optic delay lines was achieved using 20X microscope objectives and multimode fiber-optic couplers, as shown in Fig. 2 . These 3-dB bidirectional couplers were fabricated using the fused biconical-taper technique [7] . The modulated optical powers in the four fibers of each filter were made equal by adjusting the coupling between the 3-dB coupler outputs and the fiber delay-line inputs. Two silicon avalanche photodiodes (APD's) wlth active areas of approximately (200 pm)2 were used to convert the optical signals to electrical signals. The diameters of the fiber ends were reduced by HF acid etching to improve the coupling from the two filters to the APD's. A wideband RF spectrum analyzer was used to analyze the electrical signals from the two APD's. The RF spectra for the two filters in the 250-750 MHz frequency range are shown in Fig. 3 . In obtaining this data, the four laser diodes were driven simultaneously (equivalent to 0 = 0) by the RF sweep oscillator, and the modulated optical powers in the fiber delay lines were made equal at 500 MHz. The spectra are proportional to the square of the modulating optical power described by (4). The flat response of Fig. 3(a) is expected since g v , 7) = N2 with r = 0 in (4). The response of Fig. 3(b) peaking at a frequency of 500 MHz is consistent with T = 2 ns, which corresponds to the adjacent fiber length difference L = 0.4 m. The experimental data of Fig. 3 The flat frequency response in Fig. 3(a) is a direct result of the absence of relative RF phase delay (8 = 0) and relative fiber-optic delay ( L 0). Consequently, all the received antenna signals arrive at the photodetector in phase independent of frequency. The fundamental peak of Fig. 3(b) occurs atf = 500 MHz, which is a consequence of the phase difference provided by the relative fiber-optic delay of 7 2 : 2 ns.
As seen in Fig. 4 , the sidelobe maxima of Fig. 3(b) are -4.7 dB and 4.3 dB from their expected values atf = 310 MHz andf = 690 MHz, respectively. The analytical curve in Fig. 4 is based on the assumpiion that both modulation amplitudes and phase delays between any two adjacent fibers are equal. Upon a more accurate examination, the relative time delays of the four optical fiber delay lines were found to be 0, 1.9, 3.95, and 5.85 ns (rather than the desired values of 0, 2.0, 4.0, and 6.0 ns). Phaser summation using the measured time delays yields analytical sidelobe maxima which are -3 and 4 dB from the corresponding power levels, obtained using the desired time delays at f = 310 MHz andf = 690 MHz, respectively. The additional deviation in the experimental curve around the sidelobe centered at f = 310 MHz is attributed to unequal modulating powers due to impedance mismatches in the laser-driving circuits and the four-way power divider. The analysis indicates that the inaccuracies in the fiber delays are the major contributors to the differences between the 5(a) and (b) for RF frequencies of 500 and 725 MHz, remeasured and theoretical sidelobe maxima.
The experimentally obtained sidelobe minima at f = 375
MHz and f = 625 MHz of Fig. 3(b) are -34 dB and -38 dB, respectively, relative to the central maximum at f = 500 MHz. The values of these minima are limited by the combined effects of the unequal fiber delay-time increments and unequal optical power modulation amplitudes transmitted by each fiber. The fiber delay times are independent of frequency but the modulation amplitudes are not. The different frequency responses of each laser cause the modulation amplitudes to vary with frequency which may explain the 4-dB difference in the sidelobe minima.
The simulated experimental and theoretical angular responses for four antennas with RF phase delays resulting from nonzero incident angles are displayed in Figs. 5 and 6. The fundamental peaks at sin 0 = 0 in Fig. 5(a) and (b) for f = 500 MHz and f = 725 MHz, respectively, are consistent with the experimental results shown in Fig. 3 (a) (with L = 0) and are frequency independent for direction finding. The main lobes centered at sin 8 = 0.5 for f = 250 MHz and f = 375 MHz in Fig. 6 (a) and (b), respectively, also reveal the frequency independence of this direction-finding device. There is good agreement between all the theoretical curves and experimental data of Figs. 5 and 6 regarding the angular width of the main lobe as well as the angular position of the sidelobes. Unlike the angular position of the fundamental peak, the angular positions and widths of the sidelobes are highly frequency dependent. This is a consequence of different phase delays associated with different RF frequencies for nonzero incident angles.
The sidelobe maxima of all the experimental data of
Figs. 5 and 6 are within 3 dB of their expected values.
Any deviation from theory is mainly attributed to the imprecise fiber-optic delay times, since the modulated optical powers in each fiber-optic delay line were made equal before each data point was taken. The largest cancellation or sidelobe minimum value relative to the main-lobe peak was -38 dB. The fact that the smallest discrete time-delay difference between adjacent lasers which could consistently be achieved was 0.12 ns made it impossible to put data points at all sidelobe minima. The cancellation was limited partially by the fiber delay-time inaccuracies. Another important factor contributing to nonzero sidelobe minima is modal noise associated with the input and output coupling at the multimode optical fiber delay lines. Modal noise is reduced by spectral averaging using multilongitudinal mode lasers under high-speed modulation in the experiment. Spatial superposition of the four fiber outputs at the APD will also reduce the modal noise via speckle averaging. Ultimately, although they were not approached in this experiment, the limiting noise contributions will be the thermal noise in the receiver circuit and the APD noise.
V. CONCLUSION The principle of RF direction finding in the 250-750 MHz range using fiber-optic delay-line filters has been JOURNAL OF LIGHTWAVE TECHKOLOGY, VOL. LT-3. NO. 2, APRIL 1985 ber-optic filter for direction finding is frequency independent. Two filters with four lasets and eight fiber-optic delay lines have been constructed and their frequency responses measured. The simulated experimental angular responses of the filters show reasonable agreement with the theoretical responses. Deviation from the theory is attributed mainly to the imprecise fiber-optic delays of the two filters. Modal noise is believed to be the important noise in this direction-finding filter constructed with multimode fiber-optic delay lines.
